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SUMMARY

Tests were conducted on Gallium Arsenide samples which varied in
resistivity due to doping. The most resistive sample (in the range of
50 megohms) showed no response due to sound input. The most efficient
cell tested showed approkimately 100mv output under normal light intensity.
The response to sound was relatively high but was not dependent on the
samples' ekposure to light.

Silicon solar cells were found to be totally unresponsive to sound
input, with or without light exposure.

Several photoresistive devices were tested but there was no indica-

tion of direct interaction of light, sound and electron motion.
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THE EFFECT OF AN ACOUSTIC WAVE ON THE'PHOTOwVOLTAIC PROCESS
BY
M., W. Wilcox and L. R. Latch

INTRODUCTION

This research is pointed toward the use of acoustic fields to enhance
the efficiency of solar cells. Through the understaqding of the photovoltaic
and the acoustoelectric effects one is in a better position to attack the
problem of the application of acoustic waves to bodies which are, simultaneously,
subjected to the photovoltaic and acoustoelectric effects. The concern in this
investigation is therefore with the phonon-photon-electron interaction, and the
effect of this interaction on solar cell operation.

The photo-conversion device that has attained the highest efficiency in
practice, is the silicon ép—n) junction. (1)(2)*. This type junction is now

described because it is this type which is used in the present study.

THE P-N JUNCTION

Consider the diagram shown below which is a schematic for a (p-n) junction.,

p-type region n—-type region
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Fig. 1. (p-n) Schematic
One portion of the material is made P-type by the incorporation of suitable

acceptors imperfections, and another portion of the same material is made n-type.

#The superscripts refer to the references, appearing at the end of this report.
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By the incorporation of suitable donor imperfections, a barrier, called a p-n
junction, exists at the point of transition from the p-type portion to the n-type
portion. How this barrier arises can be visualized by considering the p-type
portion and the n~type portion as originally sepérated in space, and then brought
together. When contact between the two portions are made, electrons flow from the
n-type portion into the p-type portion, and holes from the p-type portion into

the n-type portion because of the concentration gradients existing. The flow
continues, thereby building up a positive charge on the n-type side of the junction
and negative charge on the p-type side of the junction, until the diffusion flow
caused by the concentration gradients is counterbalanced by the flow in the reverse
direction caused by the electric field set up at the junction. A contact potential
difference, having an energy Af develops across the junction of such a magnitude as to
just oppose the further flow of electrons and holes due to the concentration
gradient.(3) The region adjacent to the junction is said to contain a space charge
and is sometimes referred to as a transition region. The extent of this region

around the junction is 1074 to 1070 cn wide,

p-type n-type
“+ - +|- — -
4+ 1 e 4._—-4— +
-+ + 4= 4+ —
T
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% 41—
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Fig. 2. Equilibrium Condition about the Transition Region
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Fig. 3. p-n Junction Schematic Showing the Energy
Band Scheme

The energy-level diagram corresponding to the equilibrium condition of Fig.
2 is shown in Fig. 3.

It should be noted that the contact potential across the junction cannot be
used to deliver load. This condition is analogous to two containers filled with
liquid connected by a pipe in which the liquid seeks the same level in both
containers as long as nothing distrubs the system; this is stated formally as:
"In a System in thermal equilibrium the FERMI-level energy is constant through-
out the entire gystem". Figs. 2 and 3 depict, schematically, the statements

immediately above.

THE RESPONSE OF A (p-n) JUNCTION TO PHOTON INPUT

As stated previously, this research is concerned with the effect of acoustic
waves on the efficiency of solar cells. Prior to the investigation of th;s effect,
however, it is well to review the photo-voltaic concept.

The photo-voltaic effect is not a new discovery, of course. Edmund Becquerel
noted, as early as 1839, that a voltage was developed when light was directed onto
one of the electrodes in an electrolyte solution. This effect was first noted,
with respect to solid matter, somewhat later 1877 by W. G. Adams and R. E. Day who

carried out experimental work on Selenium. Other early researchers such as
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Schottky, Lange and Grondshl, did piqneering work in producing photovoltaic cells
with Selenium and cuperous oxide. It was to be more than three quarters of a
century after the photovoltaic effect was first noted on solids that researchers
turned to the problem of utilizing this effect as a source of power. In 1954
several groups including researchers at the RCA and Bell Laboratories achieved
conversion efficiencies of about 6% by means of (p-n) junction. Cadmium sulfide
and silicon junctions (p-n) junctions were the materials used in these early
devices. Later workers have achieved efficiencies near 15% by using improved
silicon junctions.

The photovoltaic action converts electromagnetic radiation directly to
electrical power. By eliminating the intermediate step of conversion to heat, we
bypass the carnot limitation on efficiency of heat engines.

The production of electrical power by eiectromagnetic radiation can be carried
out by exposing a (p-m) junction to electromagnetic radiation of various types. We
are concerned, in this research, with exposing the device to.sunlight, whose
wavelength is in the range of 5,000 A. Hence, the (p-n) junction is, in this

case, classified as a photovoltaic converter.

THE MECHANICS OF A (p-n) JUNCTION

Consider again the mechanism by which a (p-n) junction converts light to
electrical power delivered to an external load. When the junction region is
illuminated with light of sufficiently energetic photons to excite an electron from
the valence band state to the conduction band state, the resulting free electron
and hole move in response to the built-in electric field that the junction possesses,

We may wvisualize this process as follows:

=y



Excitation of Electron "Built—din"
hv from valence band state Free electron electric
Photons to the conduction band hole field of -
of p-n junction

i
Acts to produce I _, and acts
to charge the regfon as shown.

p-type n-type When the p- and n- type sides are
— connected through an external load,

Ir —‘~——————$>:[g ( I;} a portion of Ig will flow in it, so
Charges Charges = that the junction acts as a converter
this region| this region of light to electrical energy.
positively negatively

RL = Impedance of load
(p-n) Junction

The equivalent circuit for the system shown above is as follows:

%4

]

|
]

current through the load

2}
]

light produced short circuit
current

voltage across the junction

junction impedance

Fig. 4. Mechanics of a (p-n) junction.

(4)

|

[

Fig. 5. Simplified Equivalent Circuit for an

Illuminated p-n Junction photovoltaic cell
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It is to be noted that Is 1is the photocurrent that 1s produced by
illumination of a semiconductor which is an insulator in the dark. This current
may be expressed as a function of the following variables:

(a) F', the total number of electrons and holes produced each second by

the absorbed photons

(b) the effective lifetime, T*

(¢) the transit time, T,
The value of I, is expressed as

I, = eF'T*/Tr
in which e is the electronic charge in coulombs.
The transit time, Tr’ is the time spent by an electron in moving between

two electrodes connected to the semiconductor. It may be determined from the

electrode spacing and the mean drift velocity of the electron to be

T.,= L =1L
u HE
in which u = means drift velocity
U = drift mobility
E = Applied electric field
now E = V in which V = Applied voltage and L = interelectrode spacing. We thus
L L2
have, 'I‘r = W

The larger the effective lifetime T* the greater will be the photocurrent
IS° If we imagine that the lifetime of an electron is greater than the lifetime
of a hole, this means that holes are trapped quickly in recombination centers+
while the free electron exists long enough to be swept out of the crystal by the
applied field. Since charge neutrality must be preserved, the negative electrode
ejects another electron until the free electron can recombine to be made available
for conduction. This apparent gain is denoted by a gain factor which is a direct

index to the efficiency of a photoconductor, as can be seen from its effect on Ig-

+See Ref. 1, footnote, p. 99
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It can be seen that the discussion of IS in the sense just described is
on a microscopic scale whereas the deécription of the mechanics of a (p-n) junction
as described in Figs. 4 and 5 is on a macroscopic basis. The current I, shown
in Fig. 4, is to be considered now in the macroscopic sense and can be thought of
as being produced by a constant current generator, delivering the current I, into
network of impendances. A simplified equivalent circuit in the macroscopic sense

is shown in Fig. 5.

THE ACOUSTOELECTRIC EFFECT

When a sound wave propagates through a material containing conducting electrons,
its momentum, as weli as iﬁs energy, is attenuated by the electrons.(S) The
momentum attenuation acts as a dc force causing the electrons to drift in the
direction of the force. If there is a closed circuit in this direction, a direct
current will be produced. This is the acoustoelectric current; it is proportional
to the sound intensity, since the momentum itself is proportional to the sound
intensity. If, on the other hand, the circuit is open, the drifting electrons
produce a space charge whose electric field cancels the dc force due to the sound
wave momentum attenuation. This back EMF is the acoustoelectric field.

(6)

The acoustoelectric effect was first predicted by Parmenter. His expla-
nation concerning the physical characteristics associated with this effect were

qualitative in nature but quite logical in content. On the basis of Parmenter's
reasoning, we consider the effect on conduction electrons of a crystal resulting
from a single travelling longitudinal acoustic wave in a crystal. Consider this

travelling acoustic wave to be sinusoidal in nature (which will be the case for

small amplitude acoustic waves). This wave gives rise to a sinusoidal electric

e



field which travels through the crystal with the same velocity as that of the
acoustic wave. Consider now conduction electrons which are contained in the
crystal, and undergoing certain motions. Some of these electrons will be travel-
ling such that they will have components of velocity that are parallel to the
acoustic wave travel. For most of these conduction electrons, this component of
velocity will be much larger than the acoustic wave speed so that these electrons
are "out of phase' with respect to the travelling electric field. Thus, the time
average of this field over their trajectories is zero and these electrons are
essentially unaffected by the presence of the acoustic wave. There are a few
electrons, however, having components of velocity parallel to the acoustic wave
which are comparable to the speed of the wave. Thgse electrons are capable of
being trapped by the moving electric field so that this time-averaged velocity in
the direction of the field is exactly that of the field. Among these electrons,
those having a maximum energy will be found to give rise to a net electric current.
In a metal, these electrons are at the Fermi-level, ‘In an n-type semiconductor,
these electrons are in the conduction band. Such a generation of an electric
current by a travelling acoustic wave may be called the acoustoelectric effect.

As pointed out by Parmenter, it is interesting that the qualitative exﬁlanation

of this effect which has just been given is analogous to the qualitative explanation

(N

of the operation of a linear accelerator. A further physical interpretation

of the acoustoelectric effect may be obtained by viewing the sketch shown below:

o T T
—— \\\ \\i \":i% ‘\\;:T*%a
e
Electron Velocities b Acoustic Wave Velocity

Flg. 6. some components of electron velocities are equal to the wave
velocity. These components amplify the aCoustic effects,
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METHODS OF OBTAINING THE ACOUSTOELECTRIC EFFECT

There are two means of obtaining the effect described above. These are
(1) the perturbation potential or deformation potential method and (2) the
piezoelectric method. Both of these means are described qualitatively by the
section on THE ACOUSTOELECTRIC EfFECT immediately preceeding this section.
Each of these specific ideas will now be examined in more detail and discussed
relative to their analytical and experimental treatment.

DEFORMATION POTENTIAL METHOD#*

For a cubic crystal such as silicon, diamond, or germanium, subject to a
homogeneous strain, Eij (say), the linear shift in energy band with strain may

be expressed in the form(8)
E = Eo + Esijeij = E0 + E;A
where,

A =gy, + €22 + €33 is the dilatation. The term EO is the correct potential
in the absence of the acoustic wave and E;A results from the changes in
interatomic spacing set up by the acoustic wave. Shifts in the energy levels
corresponding to the top of the filled band, Eg¢, and the bottom of the conduction
band, E,, produced by a periodic dilatation of a lattice wave are shown
schematically below. As illustrated, the bands may shift in opposite directions.
In a crystal with the diamond structure (such as silicon, for instance) the energy

gap, Eg, decreases with positive dilatation; in others such as Te, the shift is

in the opposite direction.

%A detailed comparison of deformation-potential and piezoelectric coupling

is given by Mertsching(9).



E S ST/

R

Fig. 7. Shift of Energy Bands with Varying Dilatation

(6)

Parmenter makes use of the idea discussed above. Starting with the
potential acting on an electron in the unstrained crystal, he expresses the
effect of the dilatation on a given portion of the band by adding to the

original potential a constant perturbative potential equal to the shift in energy
of that portion of the band. This perturbative potential is called the defor-

(8) The

mation potential. This basic idea is due toAShockley and Bardeen.
assumption is then made that such a procedure is also valid for non-uniform
dilatations of the crystal, whereupon a non-uniform deformation potential is
required. This assumption seems plausible provided that the dilatation varies
very slowly with position (on the atomic scale) i.e. the dilatation results
from a long wavelength acoustic wave. The deformation potential is taken to
be proportional to the dilatation. Thus, if the acoustic wave is represented

by s =S sin O(r - ct).

Then the deformation potential is given by

Vi, = AV ¢ 8
in which s = displacement vector
S = amplitude vector
0 = acoustic wave vector
¢ = wave velocity
A" = an assumed constant of proportionality

~10-



According to Parmenter, the one electron approximation using Schrédinger's
equation by making use of the deformation potential mentioned previously, may

then be solved.

COMPARISON OF PIEZOELECTRIC AND DEFORMATION POTENTIAL COUPLING(lo)

The basic property of a pilezoelectric crystal is that a mechanical strain
‘produces an electric field which is proportional to the strain. In a non-
piezoelectric crystal, a deformation of the lattice structure produces a change
in the potential energy of a conduction electron which is proportional to the
strain. This latter perturbation caused by a deformation of the lattice structure

; . . , 11
is known as the deformation potential. It can be written as 1)

Ug = C4S
in which, evidently S represents plan strain and C4 is a deformation coupling
‘constant,
The magnitude of the electric field produced in a piezoelectric insulator

by a strain S is given by

e
E= =5
€

If S is the result of an acoustic wave, this field corresponds to a change in

" the potential energy of an electron which is given by

v = % =¢g5
P gk, ~ P

in which, evidently
e = piezoelectric constant

q = electronic charge

€ = dielectric constant
k = 2m/A

A = acoustic wavelength

The constant Cp is referred to as the electron-phonon coupling constant.

(10)

According to J. H. McFee , a measure of relative strength of the effects on

~11~



the transmission and amplification of acoustic waves due to the deformation

potential coupling and those due to piezoelectric coupling is given by the ratio

2
Eﬂ - (gcd ) 202
C qev

P 8

The significance of leaving the terms squared in the above ratio is that the
acoustic attenuation is proportional to the square of the coupling constant.

McFee(lo>

compared the piezoelectric semi-conductor cds with the non-
piezoelectric semi-conductor Germanium on the basis of the ratio above., The

following values were assigned to the quantities of the equation

o EC
 dy2 d \2,2 .,
(C ) - (qev ) W 5
P s
-18
Cd(Ge) = 10ev = 1.6 x 10 joule
e(CdS) = 0.2 coulomb/meter
E = 9£0 = 8 x 10—11 Farad/meter
v, = 4 x lO3 meter/sec.
q = 1.6 x 10-”19 coulomb

Hence, there is obtained

C
H?
P

10724 2

R

At the ultrasonic frequency of 50 MC (Cd/Cp)2 §'10”7, Hence, deformation

potential effects is Germaniun are very small compared with the corresponding
piezoelectric effects in cadmium sulfide at Ultrasonic frequencies. The two
types of effects are about equal at an acoustic frequency of 100 KMc and éhe
deformation potential dominates at still higher frequencies. Microscopic
theory, (kSQ >> 1), is usually valid only at very high frequencies where the
deformation-potential coupling is comparable with the piezoelectric coupling
(for example, in Cds, at room temperature, ksl > 1 at an acoustic frequency of

30 KMc)
-12-



(12)

In a study by Hutson, McFee and White, following a suggestion by
White, the attenuation in Cds was studied in the presence of an externally applied
drift field. White realized that the same mechanism which causes positive
acoustic attenuation in the absence of electron drift should cause negative
attenuation (acoustic amplification) when the drift velocity exceeds the
acoustic wave velocity. Earlier, from a theoretical analysis of the effects of
conduction electrons on acoustic propagation in nonpiezoelectric semiconductors,
Weinrich(l3) (1956) had predicted that the electronic contribution to acoustic
attenuation would become negative when the drift velocity exceeded the sound
velocity. The experimental arrangement was a simple one and its essentials

are shown below.

RF Input ——ei Attenuator

Pulse
Transducer
Buffer A
[ - ’
Drift D A 7mm
Field Pulse Cds Light {

—= | Buffer

gy _ Transducer

RF Output —==f————tAttenuator k_______ﬁx

Figure 8. Experimental Arrangement for ?Tg}ification Study
After Weinreich
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One microsecond pulses of 15 Mc (or 45 Mc) shear waves produced at the upper
transducer passed down through the Cds crystal and were detected at the lower
transducer. The Cds crystal was oriented so that the shear wave was piezo-
electrically active, e.e. the shear wave propagéted in a plane perpendicular to
the Cds hexagonal axis, with particle motion along the hexagonal axis. Transit
time through the 7mm Cds sample was approximately 4 microsecond (4 ﬁ sec). Con-
duction electrons were produced in the sample by illumination with yellow light
from a high pressure mercury arc (5770/5790 K)o Under the illumination, the
sample resistivity was in the range of lO4 to lO5 ohm-cm. When the sample was
unilluminated ("dark condition') it was essentially insulating. The shear
wave signal level obtained in the "dark" condition served as the zero attenuation
reference in these experiments, Diffused indium ohmic contacts were made to the
entire top and bottom surface of the Cds. A drift-voltage pulse of approximately
5> microsecond duration could be applied between these contacts during the time
of transit of the signal through the Cds. A low drift duty cycle was used to
avoid heating the sample.

The observed effects of the electron drift on the ultrasonic attenuation
are shown in Fig. 9 below.(lz) Postive values of drift field mean that the electrons
are drifting in the direction of sound propagafion. The data of Fig. 9 above
correspond to a relatively high level of illumination (sample resistivity 3 x

4 ohm cm). First it should be noted that for drift fields greater than 700

10
v/cm the ultrasonic attenuation becomes negative, i.e. the output signal is
larger than the signal obtained under dark conditiﬁns° Furthermore, if an
electron mobility of 300 (cmz/volt sec is taken from Hall measurements made on
Cds crystals at room temperature), the crossover from positive to negative
attenuation is found to corresponé to a drift velocity of about 2 x 105 cm/sec.
The shear-wave velocity is 1.75 x 185 cm/sec. Thus, White's prediction of ultra-

sonic amplification for drift velocities greater than the sound velocity is

verified.
-14-
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Figure 9. Observed ultrasonic attenuation in 7mm CdS sample as a function
of drift field. Zero decibels represent attenuation with sample
illuminated.. Curve A: w /w = 0.24., Curve C: w /w = 0.21. After
Hutson, et al (1961) ¢

THEORETICAL COMPUTATIONS

It is to be noted in the work by Hutson discussed above? that at ultrasonic
frequencies in Cds, k32 <<]1 so that ﬁacroscopic theory applied.

The interaction of acoustic waves with mobile carriers is most conveniently
discussed in two limiting regimes, ksﬁ << 1 and ks >> 1 (ks = 2m/A, where A
is the acoustic wavelength, and £ is the mean free path of the carriers) at
ultrasonic frequencies. XA is usually large compared with ¥ so that k2 is
considerably less than unity. This theory is macroscopic in the sense that the
acoustic wave is treated as a classical wave which perturbs the carrier distri-
bution. The theory then describes, in a self-consistent way, how the carrier
distribution adjusts itself to the presence of the acoustic wave. Fhrthermore,
the electrical conductivity is used to simply relate the current caused by the
acoustic wave to the self-consistent electric field. The fact that the carriers
are scattered many times per A makes possible the simplifying assumptions of

macroscopic theory.

The other limiting regime ksl >> 1 1s associated with studies at much

-]15-



higher frequencies and are usually associated with studies making use of the

deformation potential, at frequencies of 100 KMc (10" Hertz). This frequency

regime is at a level in which deformation potential effects become important
as opposed with piezoelectric effects which are important in the 15Mc to 45 Mc

range,

ACOUSTIC WAVES AND SOLAR CELLS

We may now more easily show the present effort of studying the effect of
acoustic waves on solar cells by drawing a comparison of what has taken place

in ultrasonic amplification, which has been discussed previously and the idea

which is investigated in this endeavor.

We remember in our discussion of ultrasonic amplification that it was
shown by Hutson et al (12) that an Rf pulse input into a sample of piezoelectric
material of Cds under the condition shown in Fig. 8, resulted in sound (acoustic)
amplification on the output side of the sample. Hence, it was seen that there
exists a coupling interactive result between phonon injection and electron motion
to result in either sound amplification (negative attenuation) or sound suppression
(positive attenuation).

The final effects that concerned the present investigators were those of
the interaction of photons, phonons and electrons and to thereby establish the
possibliity of the change of the efficiency of solar cells by this 3-non

interaction%

PHONON-PHOTON-ELECTRON INTERACTION IN A PHOTOVOLTAIC SEMICONDUCTOQR

The "3-non'" coupling can be likened to the operation of a simple triode
where the phonon acts as the controlling element. The purported action of the
phonon is to create a non-equilibrium electronic state which is receptive to
the impinging photon spectrum to higher than otherwise degree. The inverse
action is not considered although surely the electron must play an intermediate role

in photon generation of phonons.

*3-non is used here as an abreviated term referring to phonon-photon-
electron interaction -16- .
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A rather vigorous study of solar cell performance has been made since
Chapin, Fuller and Pearson first utilized a p-n junction in silicon as a solar
energy converter in 1954(14), Naturally the primary interest has been in
increasing the solar cell efficiency by geometry of the configuration, material
doping, design of collector grids, addition of antireflectant coatings, and
theoretically by utilization of drift fields arising from density gradients of
impurities. More recent studies have been directed toward the use of multi-
layered and multi-transition cells. The actual performances of both the prim-
itive and the improved cells, however, have never reached their theoretically
predictable maximum efficiency. The basic equations describing the character-
istics of photovoltaic solar energy converters and the corresponding equiv-
alent circuit are given in references 15-17. Some typical comparisons are
given below in Table 1.

Table I - Solar Cell Efficiency (%)

Efficiency Maximum
Material Type Attained Predicted
Si Single Crystal 15% 20%
InP Alloy on n-base 2 23
GaAs Zn diffused p on 9 24
n-base
cdTe noo 4 21
Cuy0 Pollycrystalline 1/2 -
Se ", p—n junction 1 -
between two different
materials
GaP <1/2 17
Dc$S Single Crystal 6 16
Evaporated Film 3

=17=



Single layer polar cells utilize only about 46 percent of the sun's
energy, whereas the multi-layered cells are predicted to utilize approximately
69 percent based upon gradation of energy gaps.

The limitations on the efficiency of photovoltaic solar energy con-
verters can be broken down into the following major factors according to Wolf(ls):
1. Reflection losses on the surface;

2. Incomplete absorption;

3. Utilization of only a part of the photon energy for the creation
of electron-hole pairs;

4, Incomplete collection of the electron-hole pairs by diffusion to the
p-n junction;

5. A voltage factor given by the ratio of open circuit voltage to energy
gap potential difference; ’

6. A curve factor given by the ratio of maximum power point voltage time
maximum power point current to open-circuit current for an ideal p-n
junction;

7. Additional degradation of the curve due to internal series resistance.

Items 1, 4, and 7 are determined by fabrication techniques and improvement

on these may be possible up to near elimination of their influence Wolf considers

items 2,3,5, and 6 as having absolute physical limitations beyond which improvement

is not possible. As stated previously (p.l) it is the intent of this study to

investigate the possibility of improvement in the absorption and utilization of

photons absorbed by phonon injection with resultant coupling with the photon-

electron interaction. An improvement of items 2 and 3 should also exhibit an

improvement in item 6 but may show a slight reduction in output voltage, which is
not considered to be extremely objectionable.

Observations were made in the laboratory of the result of phonon generation
in at least two different types of photovoltaic solar generators, the effect
being indicated by a deviation of output voltage and output current of the device

in concurrence with the traveling sound wave. Variations which are ilmmediately

~18-



convenient might include the illumination Intensity and the external load impedance;
with severe limitations, also the sound frequency and sound intensity. The latter
two parameters may be the most important criteria in establishing the dual coupling

of the "3-non" interaction.

The photon~electron coupling is demonstrated first by photoconductivity
and to a higher degree by the photoelectric effect. Photoconductive materials
may be utilized as electromagnetic radiation detectors, whereas photoelectric (or
photovoltaic) materials are used as energy converters where solar radiation is
transformed to electrical energy. Quantum electronics is the basis of analyzing
processes in both types of materials. 1In discussing photoconductivity of solid
materials in crystalline form, Bube(19) states that the presence of phonons affects
the occupation of energy levels and the transport of charge through the crystal,
but does not by itself introduce any new levels. His statement should be interpreted

' since the number of energy eigenvalues are characteristic

as "any additional levels,'
of the material. When the crystalAlattice structure is subjected to a traveling
sound wave, however, both the energy gap and the quantum levels change with the
number of quantum states remaining invariant(zg)° This is one phenomena which would
tend to induce additional coupling between the photon and the electron. It is
anticipated that such an effect would be evidenced by a smoothing of the response
spectrum of the test sample to an illumination of distributed wavelength such as
that of solar radiation. This would be similar to the effect predicted for multi-
layered cells., )

It may also be noted at this point that the migration of electrons which are
normally in the conduction band would be enhanced in the direction of the acoustic

wave according to the acoustoelectric phenomena which have been recently reported.

The coupling was first interpreted as phonon-wave drag, where the phonon wave

(5)

transfers momentum to the electron. As explained by Eckstein , when a sound wave

propagates through a material containing conduction electrons, its momentum, as
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as well as its energy, is attenuated by the electrons. The momentum attenuation
acts as a dc force causing the electrons to drift in the direction of the force.
If there is a closed circuit in this direction, a direct current will be produced,
This is the acoustoelectric current; it is proportional to the sound intensity,
since the momentum attenuation is itself proportional to the sound intensity. If
on the otherhand the circuit is open, the drifting electrons produce a space
charge whose electric field cancels the dc force due to the sound wave momentum
attenuation. This back electric field is the acoustoelectric field. As further
evidence of the phonon-electron coupling, there are reports of acoustic ampli-
fic:ation(12 in piezoelectric semiconductors where the inverse of the above
descgibed effect occurs.

Any reporting of, consideration of, or observation of the 3-non interaction
to date is unknown to the investigators. Brief notes on the terminology and
elementary descriptions of devices commonly referred to in the field of solid state
physics is included as an appendix. |

Because of the extreme diversity in interpretation of the processes involved,
the number of unknowns, and the complexity of a formal analysis, no estimates of
the magnitudes of results have been made, but even relatively small indications of
the proposed coupling in any of the materials listed previously would be significant.
In fact, evidence of such an effect would not only promote further development in
the use of the solar cell, but it would also extend its utility as a control device
and possibly as a mixed mode amplifier. This investigation ié considered to be
original only in the sense that such a task has not been openly reported.

The material requirements for conducting the study was met by donations of
several silicon solar cells from both Texas Instruments, Inc. and Heliotek, a
division of Textron Electronics, Inc. These samples were commercially produced
cells and required some preparation for adaption to the laboratory test arrange-

ment. The one desirable feature of such a test sample was that all optimum
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fabrication techniques had been incorporated. The major disadvantage, from a
documentary test standpoint, was their limited thickness, which curtails the
acoustic wavelength range and pulse width for distinguishable reflections of the
sound wave. This problem may be alleviated somewhat by use of the sampling
oscilloscope as a readout. This does not imply, however, any less complexity

of the processes operating within the test sample and as a result, the duration
of satisfactory observation of the output is quite small generally compared to

the decay of disturbance in the sample.
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TEST EQUIPMENT

The pulse generator was capable of delivering single impulse signals
of high-voltage for driving for solenoid impactor in addition to providing
continuous square-wave signals of up to one megacycle for driving the
piezoelectric sound input crystal, which was also utilized for indication
of impactor input during single inpulse tests. Settings on this unit were
non-calibrated and it was thus necessary to provide for calibrated indication
of the output on the oxcilloscope, using a dual channel preamp.

The DC Power Supply was used as the power source for the light in the
test fixture. This unit was operated at 12 volts with less than one tenth
of one percent ripple.

Both dual channel and sampling type preamps were utilized with the
oscilloscope readout. The 50MC range of this basic unit was extended into
the gigacycle range with use of the sampling preamp. Maximum sensitivity
of the readout was 0.0005mv/cm which thus allowed detection of signals as
small as fifty microvolts but without that definition of the stronger signals.

The "X-Y" Recorder was used on two occasions: (1) when employing the
sampling preamp with the oscilloscope, and (2) when using the AC Voltmeter as
the output detector.

Electrical isolation was a primary consideration in the construction of
the test fixture in addition to light sealing. BNC type connections were
provided for all electrical lines which were shielded cable. Internally, the
test fixture had 1007 shielding within the cavaties with particularly heawy
shielding between the input and output sections. Provision was also made for
leveling the fixture on a 3-point suspension. Light filters were insertable
above a variable opening diaphram in the upper portion of the condenser unit.

For higher frequency ranges, between ten and fifty megacyclés9 a surplus
radio transmitter was employed for driving the sound input crystal with some
difficulty in operation and regulation. This was partially due to the fact

that load matching was not provided for in the test set-up.
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LABORATORY PROCEDURE

Test samples were prepared for mounting first by lapping the underside
to a flat finish but not polished since this was impractical with the wvarious
materials and tools at hand. Some samples were prefabricated and mounted in
casings which could not be modified to any extent without destruction of the
sample or electrical connections.

With all surfaceé cleaned by caustic solution and hydrocarbon solvents,
the sample was then mounted on the buffer crystal by one of three means:

(1) Application of silicone oil

(2) Indium vapor deposit with pressured assembly

(3) Silver epoxy joint

Electrical contacts were always made secure by soldered joints, being
careful not to impair the mounting by overheating of the sample.

The same method was used in mounting the piezoelectric driver crystals
on the opposite surface of the buffer crystal. This crystal was fabricated
of quartz with its neutral axis coinciding with the axis of the cylindrical

.configuration,

Mounted below the driving crystal was the impact cap for protection of
the crystal. Various materials were tried for the better transmission of
impact without damage to the crystal. Bronze of a relative hard alloy was
selected as most desirable.

Arrangement was also provided for spring loading the driver crystal when
not using the solenoid impactor. The degree of loading was not increased beyond
the point where improvement in transmission ceased.

During the later period of testing, it was found to be more convenient to
mount the driving crystal to the buffer by means of pressing the two together
with a fluid layer of Salol (Phenyl Salicylate) between, and then allowing the

assembly to cool to room temperature. In this way, a range of crystals could
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be utilized for better transmission within certain frequency limits.

With use of the dual channel preamp in the oscillosccpé the input signal
and the output signal could both be observed and compared. Triggering of the
oscilloscope was best accomplished by utilizing the delayed output signal that
was provided by the pulser......both for single impulse and continuous low-
output-signal tests.

Records of the test sample output were made by photographing the oscilloscope
screen using a polaroid camera and mount designed for this purpose. On other
occasions, when using the sampling preamp or the voltmeter for output detection,
the "X-Y" plotter provided a record of the sample output. )

Test variables provided by the test equipment included the following:

(1) Pulse duration, pulse width, pulse advance, pulse delay,
and pulse magnitude

(2) Light intensity, light spectrum, and light modulation

(3) Continuous trace detection, single impulse detection,
sampling of HF detection

(4) Frequency of sound input, wave shape of input, frequency,
and noise abatement in output.
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TEST PROCEDURE

Initial testing of every sample began with frequency scanning with adjust-
ment of pulse width accordingly to that for continuous semetrical wave or
periodic pulse with extended neutral period.

Repeating the above then with light sensitive modes. Within each respon-
sive range, the intensity and spectrum was varied to detect any particularly
responsive limits.

The test sample output was then recorded with standard light intensity
and with varying output loading. Load variation was accomplished by placing
a variable resistive load in parallel with the oscilloscope input.

Additional amplification was obtained in certain tests by placing a
transformer in the output line between the test sample and the oscilloscope.
Also, considerable reduction in interference and noise from stray pick-up
was accomplished by placing capacitive loads in parallel with the sample, and

in some cases, in series with the sample output,
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RESULTS AND CONCLUSIONS

Tests were conducted on Gallium Arsenide samples which varied in resistivity
due to doping. The most resistive sample (in the range of 50 megohms) showed
no response due to sound output, Variation in the sample resistivity when
subjected to sound was not investigated. The sample with medium resistivity
(approximately 300K) also did not show any response and a minimum voltage output
was indicated when subjected to the maximum light intensity....10mv output. The
most efficient cell tested showed approximately 100 mv output under normal light
intensity. The response to sound was relatively high but was not dependent
upon the sample's exposure to light. No shift was observed in the net DC output
of the sample. This was to be expected since there was no provision for sound
absorption on the far side of the sample. The wave shape was sinusoidal,
irregardless of the input~shape. The sample did respond to sound as much as
10% of the DC output, but no interaction was observed with the light. The
sample output due to sound was highly affected by the degree of loading across
the sample output leads. At 300K load (resistive) the sample output was reduced
to about 5% as compared to that with 10%Z with a 10 megohm load. With 500
load, the output was Barely detectable.

Silicon solar cells were found to be totally unresponsive to sound input,
with or without light exposure.

Several photoresistive devices were tested but there was no indication of
direct interaction of light, sound, and electron. A notable effect of sound
upon the stability of the electron was observed however in the freshly quenched
state of certain samples.

Stability of the inherent electrical dispersion near the P-N junction of
photovoltaic devices in some instances is effected by a sound wave traversing
the region. It appears that GaA which 1s zinc doped is highly responsive.
Although no shift in response to the optical spectrum was detectable in this

series of tests, this is a possibility which could not be confirmed with the
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equipment at hand. Even though no 3-non effect could be confirmed, such a device
lends itself to use as a unique detective device which could be utilized design

of electrical control and detective apparatus.
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Appendix

Semiconductor - A semiconductor is an insulator in which in thermal
equilibrium some charge carriers are mobile. At
absolute zero a pure, perfect crystal of most semi-
conductors would be an insulator. The characteristic
semiconducting properties are usually brought about by
thermal agitation, impurities, lattice defects, or
lack of stoichiometry. Semiconductors are understood
in practice to be electronic conductors with values of
the electrical resistivity at room temperature generally
in the range 10'—2 to 109 ohm-cm, intermediate between

-6
14
good conductors (10 ohm-cm) and insulators (10~ to 10

22
ohm-cm). The electrical resistivity of a semiconductor

is usually strongly dependent on temperature. The devices
based on the properties of semiconductors include transistors,
rectifiers, modulators, detectors, thermistors, and photocells.

Photon - A quantum energy of electromagnetic radiation. The energy

of n photons is € = nhv = nh®W. (h is Planck's const.)

Phonon - A quantum mechanical unit of energy associated with lattice
vibrations.
Piezoelectric - Deformation of a piezoelectric material is directly proportional

to the applied electrical field. These substances are all
anisotropic: hemihedral crystals with oblique faces. 6
Electorstrictive-Deformation of material is proportional to the square of the
applied electrical field.
Zeeman Effect - Splitting of the energy levels of the electron by application
of an external magnetic field.

Stark Effect - Splitting of the energy levels of the electron by application

of an external electric field.
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